In this work, we develop a novel mathematical model to analyze di erent location update protocols for mobile cellular network. Our model can capture many important features of user movements, such as geographically dependent movement, directional movement and nonexponential distribution of cell dwell times. We propose to use the transient method t o p r edict the location of a mobile user. This method is e cient and, more importantly, able to address the temporal change in the current location of a mobile user. Therefore, the accuracy of the prediction of the location of a user can be enhanced. We also propose a new location update protocol which can attain a lower tracking cost and also adapt to di erent mobility patterns. Transient performance analysis is also carried out and the results are compared with other protocols.
Introduction
In this work, we consider the mobile terminal tracking problem, which i s a m e c hanism used in the cellular network so as to enable the personal communication network PCN to locate a disconnected mobile computer and re-establish a connection with it. The mobile terminal tracking problem has been studied extensively 4, 3, 5 , 9 , 1 0 , 1 with the target at minimizing the consumption of system resources, especially communication overhead. This is important because the limited system resources are shared by a large number of mobile computers. An e ective utilization of these resources can increase the system capacity and also enhance performance.
If a mobile computer moves from one registration area to another, it will send a location update message to the base station in the cell in the new registration area. The static part of the PCN wired network will then update the records about the location of that mobile computer. Therefore, a location update consumes wireless communication bandwidth, database update overhead and the system signaling cost inside the wired network.
The con guration and protocol used in the GSM or IS-41 standards, however, provides potential performance problems. Whenever a mobile computer moves from one registration area to another, an update message will be sent. As a result, if a computer moves This work is supported in part by the UGC Research Grant. y Corresponding author around the boundary between two adjacent registration areas, unnecessary overhead is incurred. In order to alleviate this problem, other dynamic approaches to assign the registration area are proposed 1, 4, 9 , 1 3 . Rather than xing the boundaries of the registration areas, one alternative i s t o d r a w a new registration area for each update such that the reporting cell will be the center of the new area. This registration area can be speci ed in terms of a numberofrings of cells around the last reporting cell. When a mobile computer leaves its registration area, it means that it has left its last reporting location for a certain distance. Then, an update message has to be sent. It is called the distancebased protocol 1, 9 . Apart from the distance-based protocol, another protocol, called the time-based protocol, is also proposed in 4, 10 . In this protocol, a speci c time limit is set. If a mobile computer has not sent a n y location update for this time limit, it will send an update message to the wired system.
In the above various update protocols, the mobile computer does not need to send update messages for every change in its cell location. As a result, the wired system does not know the exact location of the computer. Whenever the wired system tries to establish a communication channel with the computer, it has to nd out where the computer currently is. This involves a paging process 2, 5, 14, 1 1 in which the base stations send polling messages to the cells in the network and wait for the reply of the target computer. This process all induces system overhead in both system signal and wireless bandwidth consumption. If the wired network knows the exact location of a mobile computer, the paging cost can be reduced to a minimum by polling only the cell in which the computer is situated. On the other extreme case, if the wired network does not have a n y information about the location of the mobile computer, cells all over the wireless network have t o b e polled. This costs the maximum system overhead.
Therefore, another goal of the location update protocol is to maintain the location information though imprecise of the mobile computers, so that the paging cost can be lowered. Furthermore, the more accurate the location information is, the lower the paging cost can be attained. On the other hand, extra costs are required for the mobile computers to send location update messages more frequently so that those information can be more up-to-date.
In 1, 4 , 9 , 1 0 , the authors have done mathematical analyses to show the performance of the tracking protocols in balancing these tradeo s. In 1, 4 , however, they assume that the user has a uniform movement pattern, i.e. the user moves from one cell to one of the neighboring cells with even probability and at the same movement rate. Moreover, they use steady state analysis to quantify the performance of their protocol, which is only valid for their simpli ed movement model. These assumptions may not be general enough to incorporate realistic situations. A user usually has a unique, non-symmetric movement pattern over the cellular network. In addition, the cost of paging depends on the actual movement of the mobile user. As a result, steady state analyses may not be appropriate.
One contribution of this paper is to develop a mathematical framework that enables us to model general user movement patterns inside the cellular network. This model is more general than the one proposed in 1, 4 because it allows non-uniform movement of a mobile terminal inside the cellular network. This is much more realistic as under practical cases where users have general habitual movement patterns. Moreover, we can also incorporate other movement information, such as directional movement, so that the prediction accuracy can be enhanced. Also, we do not restrict that the distribution of cell dwell time of a mobile computer be exponential. Another important advantage of this model is to provide a uni ed framework to compare the performance of di erent tracking protocols. Under this framework, we can also analyze the impacts of di erent m o vement patterns to the protocols. Last but not the least, we have proposed a new protocol, the reverse-guessing protocol. This protocol uses an heuristic based on the prediction result obtained in our proposed method. We nd that our method outperforms the time-based and the distancebased methods. The main advantage of this protocol is that our reverse-guessing protocol is more adaptive in choosing the right time for the mobile computer to send an update message under general movement patterns.
This paper is organized as follows. In Section 2, we present our mathematical model for the prediction of the current location of a mobile computer. The evaluation method will also be presented. Next, in Section 3, we present the time-based update and the distance-based protocols. Also, we will illustrate using the transient analysis to evaluate the protocol. In Section 3.3, we propose our new update protocol and the rationale behind it. Lastly, in Section 4, we carry out experiments and show the e ectiveness of our protocol method as compared to the existing methods and proposals.
Movement & Location Prediction
In this section, we present a n o vel movement model for a mobile computer inside a cellular network. To b egin with, we develop a movement model that can model geographically dependent m o vement patterns that are more realistic in real situations. A method to predict the probable locations of a mobile computer is then presented. Afterwards, we extend our model to capture more important movement parameters such as directional movement and non-exponential distribution of cell dwell times. Lastly, w e i n troduce the approximation method to enhance the e ciency of the prediction method.
Movement Model
In general, the movement pattern of a mobile computer is independent of others. So, henceforth, we consider only the movement of a single mobile computer inside the network. In our model, there is a cellular network that is composed of a collection C of N cells, which are labeled c 1 ; c 2 ; : : : ; c N respectively. The cells are closely packed in an orderly hexagonal fashion.
We model the mobility of the computer by a n N N mobility matrix Q = q ij where q ij is the rate at which the mobile computer moves from c i to c j and q ii = , P j:j6 =i q ij for all i. It is worth noting that we specify the values of q ii in such a way that the sum of each row in the matrix becomes zero. Using this formulation, the mobility matrix Q can be employed as a transition rate matrix 
Location Prediction
At the time of every location update, the wired network will know the exact location of the mobile computer. As a result, the Markov process should be restarted to re ect the addition of location information. However, in the period between two successive location updates, the mobile computer can move across cells inside the network when they are disconnected from the network. Therefore, the wired network will not know the exact location of the mobile computer during the period. In order to minimize the paging cost, the wired system has to predict the probable cell locations that the mobile computer can be situated in.
There are many research w orks on minimizing the cost of paging by employing the location probabilities 11, 2, 14 |a vector of probabilities in which element i represents the probability that the mobile computer is situated in cell c i . In their analyses, however, they do not address any method to obtain the location probability. Here, we devise a method to evaluate this probability v ector under the model we h a ve described.
Instead of deriving the steady state location probabilities, we derive the transient location probabilities, i.e. the probabilities vary with the time since the last location update. It is more accurate if the time at which an incoming call to the mobile computer is short. For an extreme case, if a call arrives just after the mobile computer sends the location update, it is likely that the mobile computer is still inside the last reporting cell. By using the transient method to obtain the location probabilities, we can account for these cases. Lastly, note that if the time for an incoming call is long, the probabilities will approach the steady state ones.
Let the transient location probability v ector of the Markov process X m be m t = 1jm t; 2jm t, : : : , Njm t , where ijm t is the probability that the computer is located at cell c i at time t since the last report of location at cell c m . Note that the initial prob- Here, we use the uniformization method 6, 7 to nd the location probabilities of the mobile computer at a particular time. This method is well-known for its e ciency and numerical stability. In our case, we now h a ve a continuous time Markov process X m which is governed by the initial location probability vector m 0 and transition rate matrix Q. By uniformization, X m can be transformed into a discrete time Markov c hain with the same state space C. The transition events of this discretized chain are governed by a
Poisson process with rate = maxf,q ii : 1 i Ng. is the probability v ector for the discrete Markov c hain after n transitions. The i-th element p ijm n in the vector p m n is the probability that the mobile computer is located at cell c i after n transitions since its last report of location at cell c m .
Lastly, we de ne = 1 ; 2 ; : : : ; N to be the steady location probability v ector of the mobile computer in the network, where m represents the steady probability that the mobile computer is at cell c m . This probability v ector, which is the solution to the equation = P , can be found by standard iterative methods 12 .
Directional Movement and NonExponential Cell Dwell Time
In this section, we try to include in our model the directional movement and non-exponential cell dwell time property. This is done by splitting up the cell states" of the continuous-time Markov chain of the movement model.
In order to include the information of directional movement i n to the Markov model, we split a cell state 
Performance Analysis
As we have argued in the previous section and in 8 , it is more accurate to derive the transient location probability vector of mobile computer. We rst present the analysis for the time-based protocol, then the distance-based protocol and lastly, the reverseguess protocol.
Time-Based Protocol
In the time-based protocol, a time limit T is specied a priori for limiting the period length. If the period lasts for this time limit without any paging event, the mobile computer will send an update message to the wired network. On the other hand, if there is an incoming call arriving at the wired network before the time limit, the network subsystem will page for the mobile computer. When the mobile computer receives this paging signal, it will reply the subsystem, and a communication session will be started. This period ends with a paging cost.
Note that if the mobile computer moves at a higher rate, the expected distance traveled by the mobile computer between two subsequent location updates will be larger. Consequently, w e m a y need to readjust the value of the time limit to a smaller value. In general, a mobile computer may h a ve a non-uniform movement pattern. Consequently, w e need to have a separate optimal value for the mobile computer at each of the cell in the network. More importantly, as the movement pattern of the mobile computer changes over time, the system has to re-compute all the optimal values. This increases the maintenance cost vastly.
In our derivation of the cost rate, we consider a single time period that begins with a location update and ends with either another location update or paging. We will rst derive the expected tracking cost of the period and then the expected length duration. The expected cost rate is then the ratio of the expected cost and the period length.
If the time period terminates with a location update, i.e. the mobile computer sends an update message to the base station, then an update cost of U is incurred. This period will also end at time T, which i s the time limit for the time-based protocol. In another case, if there is a call arrives at time t 0 t T i n the period, the static network will page for the mobile computer. If the mobile computer remains inside the location area, the cost of polling is K C , where C is the overhead for polling a single cell, K = 3d + 1 d + 1 where cells are less than or equal to d apart from the reporting cell. However, if the computer is outside the location area, the overall cost of polling for the computer is N C . Let r m = r ijm : i = 1; 2; : : : ; N be a column vector such that r ijm = 1 if cell c i is at a distance less than or equal to d from c m , and r ijm = 0 otherwise. Using the location probabilities derived previously, the probability of the mobile computer staying inside the area is m tr m and that of outside the area is 1 , m tr m . Therefore the polling cost when an Assume that the arrivals of the incoming calls form a P oisson process with parameter . The probability distribution function of the time for the call arrival is Pt = 1 , e ,t . Subsequently, the probability that the time period terminates with an incoming call is given by 1 ,e ,T , while the probability that the period terminates with the delivery of an update message by the mobile computer is e ,T , where T is the time limit In this protocol, we w ant to nd an optimal parameter T such that the average expected cost E T T i s minimized. However, in our mobility model, we allow a non-uniform computer movement pattern over the cellular network. Instead of nding a single optimal value of the time limit for this protocol, it would be theoretically better to nd an optimal vector of time limits T = T i : 1 i N such that each element T i represents the optimal value when the mobile computer is in cell c i , i.e. C T i T i =D T i T i is minimum for all 1 i N. These values can be found for each cell separately because they are independent of each other.
Distance-Based Protocol
In this protocol, the mobile computer will always listen to the broadcast channel from the base station to locate itself inside the cellular network, even though when there may not be a communication channel between them. A distance limit is de ned in this protocol. When the mobile computer detects that it has gone farther away from the last reporting location than the distance limit, it will send a location update message. When an incoming call arrives, the wired system will page over the cellular network. On the other hand, we can see that in this protocol, the mobile computer will de nitely be inside the registration area since if it were not, an update noti cation will be sent. Therefore, it is not necessary for the wired system to page outside the location area. In this regard, the paging cost can be lowered. Note that if the distance limit is set to zero, this protocol will become the always-update protocol.
We model the time for the location update as the rst passage time for the Markov process to change some states cells within the distance bound to some other states cell out of the distance bound. The distribution of the time is a phase distribution 8 , of which we denote the probability density function as f m t. By deriving the expression for f m t, we can get the 
The Reverse-Guessing Protocol
Here, we propose a new algorithm, the reverseguessing algorithm, that accounts for the paging cost and the update cost in a more direct manner. In this protocol, we assume that the mobile computer will also have the statistics about its movement patterns. It will also use the same prediction method as the wired network system so that it can know what the wired system predict on its current location. The protocol operates as the following. At certain time intervals, the computer evaluates its location probability in the same way as the wired network as presented in Section 2. Then we rearrange cells such that the location probabilities are in decreasing order of magnitudes. The mobile computer then looks up the position of its current cell in the probability sequence. We de ne the position as the rank. If the rank is greater than a prede ned limit for the protocol, then an update message will be sent. For detail description of the protocol, please refer to 8 .
The main reason to choose the rank as the heuristic is very intuitive. In the analysis of paging algorithms, like 11 , we can see that the cost of paging is directly related to the rank of the mobile computer's current cell in the location probability sequence. In other words, if the value of the rank is larger, the actual paging cost will be higher. Therefore, we can use the rank as a more direct estimate of the paging cost. Another important point is that there are many advantages for this protocol. First of all, it is an online protocol. The mobile computer will keep track of its current location and use this information to obtain a more precise estimate of the paging cost. Moreover, the value of the heuristic rank for our reverse-guessing protocol is insensitive to di erent mobility patterns. This results in a more adaptive optimization as compared to the time-based and the distance-based protocols. Lastly, the protocol involves only the calculation of the location probability, which is e cient enough to be implemented inside a mobile computer. Moreover, we can lower the complexity of the prediction at the mobile computer by the reducing the problem size.
Let us carry out the performance analysis of this protocol. Mathematically, w e h a ve the cost evaluation functions for the expected cost and duration of the reverse-guessing protocol, as the ones for the distancebased protocol Equations 11 and 12: where g m t is the probability density function for the time until a location update is sent by the mobile computer and G m t is the probability distribution function. In each equation, the rst term corresponds to the case that a location update message is sent by the mobile computer; while the second term represents the case that an incoming call arrives before the delivery of the location update message. The This can be seen in the experiment in the next section. It is because, in this protocol, we try to relate the location update event at the mobile computer to the accuracy of the prediction of the wired system. This accuracy has little dependency on the movement patterns of the mobile computer. As a result, the protocol is more adaptive t o c hanges in the movement pattern of the mobile computer.
Experiment
In this section, we carry out the experiment and compare the performance results of the time-based protocol, the distance-based protocol and the proposed reverse guessing protocol. This experiment is divided into four cases, each of them di ers from each other by the mobility pattern. In the rst case|the uniform mobility|the mobility of the mobile computer is uniform and symmetric across the whole cellular network. This case occurs when the mobile user is inside a prosperous area of a city, where probably random walk is the most realistic model. In the second case| the random mobility|the move rate of the computer from one cell to another cell is generated randomly from uniform distribution. In the third, or the zone case, the computer has a tendency to stay inside a geographical area. In the last case, the circle case, the computer moves along a circular path. Many common user movement patterns can be generated by superimposing the di erent movement patterns mentioned above.
In all these cases, we carried out ve protocols. The rst one corresponds to the case that the mobile computer will not send any update message. The second one corresponds to the case that the computer sends an update whenever it enters a di erent cell. Table 1 : Expected Cost for various protocols under di erent mobility patterns last three protocols are time-based, distance-based and reverse-guessing protocols respectively.
The con guration is a network composed of 721 cells. The only di erence is the assignment of the move rates from one cell to another cell, which are now geographically dependent according to the di erent cases mentioned above. For a fair comparison, however, we have normalized the move rates in such a way that the maximum move rate is set to be once per unit time. The performance results for the experiment is tabulated above. In this table the minimum costs for di erent protocols under di erent m o vement patterns are recorded. Also, the optimal parameter values i.e. time period limit for the time-based protocol, the distance limit for the distance-based protocol, and the threshold for the rank in the reverse-guessing protocol are recorded inside the brackets. From this result, we can see that the performance results of di erent protocol vary under di erent m o vement patterns. Moreover, the optimal parameter settings for the time-based and the distance-based protocol also change with di erent movement patterns. The most important of all, however, is that the performance of the reverse-guessing protocol is always the best among all ve protocols.
Conclusion
Mobile terminal tracking is an essential mechanism for the personal communication network to locate a disconnected mobile computer so as to re-establish a connection to the computer. There are many protocols proposed with the target at balancing the update cost with the paging cost, such as the time-based protocol and the distance-based protocol. To test the performance of these protocols, researchers have devised some mathematical models to evaluate the system costs. However, their models may not be capable of capturing real life characteristics of user movement that are important in the performance evaluation. To cope with these de ciencies, we h a ve proposed a novel, more general mathematical framework to include those important properties. In addition to these analyses, we h a ve also taken advantage of the prediction result to devise the reverse-guessing protocol. This protocol can obtain an optimal paging process. In general, the reverse-guessing protocol uses a better heuristic to help the mobile computer determine when to send an update message. This protocol can result in a lower system cost for mobile terminal tracking.
